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ABSTRACT 

Experiments  involving  side-by-side  comparisons  of  traditional  two-antenna  transmissions 
and  space-time  coded  (STC)  transmissions  involving  two  transmit  antennas  confirm 
theoretical  predictions  that  space  time  coding  is  effective  in  removing  signal  dropouts 
caused  by  the  "two-antenna  problem."  The  experiments  involved  real  transmitters  on  an 
airborne  platform  and  a  prototype  demodulator  operating  at  the  Air  Force  Flight  Test 
Center.  The  theory  is  confirmed  both  by  the  behaviors  of  the  received  signal  powers  from 
the  two  signaling  approaches  as  well  as  the  improved  link  availability  based  on  the  bit 
error  rate  performance. 


INTRODUCTION 

Theoretical  analyses  over  the  past  seven  years  have  shown  that  transmit  diversity,  in  the 
form  of  space-time  coding,  solves  the  "two  antenna  problem”  [1]  -  [3].  However,  it  has  only 
been  within  the  last  year  that  flight  test  experiments  have  tested  this  theory.  In  October 
2010,  flight  tests  were  conducted  at  the  Air  Force  Flight  Test  Center  to  see  if  the  theoretical 
promise  of  space-time  coding  carries  over  to  operational  environments  using  real 
hardware.  These  test  involved  an  air-worthy  space-time  coded  SOQPSK  transmitter  and  a 
prototype  demodulator  described  in  the  companion  paper  [4]  operating  at  a  data  rate  of  10 
Mbits/s.  This  paper  presents  the  results  of  these  tests  and  shows  that  space-time  coding  is 
effective  in  eliminating  the  signal  outages  caused  by  the  "two-antenna  problem.” 


TEST  CONFIGURATION 

The  airborne  system  was  designed  to  simultaneously  produce  space-time  coded  and 
traditional  two-antenna  transmissions  using  SOQPSK-TG.  This  approach  eliminated  aircraft 
location  and  antenna  placement  as  variables  in  the  comparison.  The  test  signaling 
parameters  are  summarized  in  the  table  below. 


Parameter 

STC  Link 

Reference  Link 

Data 

length-4095  PN 

length-4095  PN 

Data  Rate 

10  Mbits/s 

10  Mbits/s 

Over-the-air  Data  Rate 

10.4  Mbits/s 

10  Mbits/s 

Modulation 

SOQPSK-TG 

SOQPSK-TG 

Carrier  Frequency 

1485.5  MHz 

1514.5  MHz 

Power  per  transmit  antenna 

5  W 

5  W 

The  over-the-air  data  rate  for  STC  link  is  higher  than  the  data  rate  because  of  pilot  bit 
insertion.  The  pilot  bits  are  required  to  estimate  the  channel  gains  between  each  transmit 
antenna  and  the  receive  antenna  as  described  in  [4]. 

The  test  parameters  do  not  eliminate  carrier  frequency  as  a  variable  because  the  two 
transmissions  were  assigned  to  different  L-band  carrier  frequencies.  The  side-by-side 
comparison  is  still  meaningful  because  the  wavelengths  of  the  reference  link  and  STC  link 
carriers,  20.20  cm  and  19.81  cm,  respectively,  are  not  that  different.  One  way  of  visualizing 
the  impact  of  the  wavelength  difference  is  to  compute  the  composite  radiation  pattern  for 
two  antennas  whose  positions  are  the  same  as  those  used  in  the  test  flights  (see  Figure  3). 
Assuming  the  antennas  are  perfect  isotropic  radiators  and  neglecting  any  influence  from 
the  aircraft  or  cable  length  differences  between  the  antennas,  idealized  versions  of  the 
composite  radiation  patterns  are  easily  computed.  A  plot  of  the  azimuth  cut  (or  aircraft 
yaw  plane)  of  the  idealized  radiation  patterns  at  the  two  carrier  frequencies  are  shown  in 
Figure  1.  Both  patterns  exhibit  lobing,  especially  at  azimuth  angles  corresponding  to 
broadside  propagation.  The  energy  radiated  from  the  front  or  rear  of  the  aircraft  is  either 
very  high  or  very  low.  The  key  feature  here  is  how  similar  to  two  patterns  are. 
Consequently,  observations  regarding  link  performance  at  one  frequency  apply  at  the  other. 
The  reader  should  bear  in  mind  that  the  radiation  patterns  of  Figure  1  apply  only  to  the 
case  where  the  same  signal  is  applied  to  both  antennas  (that  is,  the  traditional  approach 
represented  by  the  reference  signal)  -  the  radiation  pattern  for  space-time  coded 
transmission  is  quite  different. 

The  system  used  to  generate  the  STC  and  reference  signals  is  illustrated  in  Figure  2.  The 
STC  transmitter  produces  a  pair  of  10  W  space-time  coded  SOQPSK-TG  waveforms.  These 
signals  are  applied  to  isolators,  attenuated  to  5  W,  and  combined  with  the  reference  link 
signals.  The  reference  link  signals  are  produced  using  a  traditional  10  W  SOQPK-TG 
modulator.  The  modulator  output  is  split  and  applied  to  the  combiners  as  shown.  Power 
levels  between  the  STC  and  reference  links  are  matched  so  as  not  to  give  a  link  margin 
advantage  to  either  signal.  Because  carrier  frequencies  are  close,  cable  losses  to  the 
antennas  can  be  assumed  to  be  the  same.  The  output  of  one  combiner  is  connected  to  the 
antenna  on  the  top  of  the  fuselage;  the  output  of  the  other  combiner  is  applied  to  the 
antenna  on  the  bottom  of  the  fuselage.  The  exact  antenna  locations  are  illustrated  in  Figure 
3. 


Carrier  Frequency  =  1485.5  MHz 


Carrier  Frequency  =  1514.5  MHz 


Figure  1:  Idealized  conceptions  of  the  composite  radiation  pattern  for  the  two  frequencies  used  in  the  tests.  Note  that 
these  radiation  patterns  only  apply  to  Reference  Link  (simultaneous  transmission  of  the  same  signal  from  both 
antennas). 

Also  shown  in  Figure  2  is  another  SOQPSK  transmitter  used  for  a  1  Mbit/s  housekeeping 
link  containing  GPS  and  AHRS  data.  This  data  was  used  to  correlate  the  bit  error  rate  and 
received  signal  strength  data  (recorded  at  the  ground  station)  with  the  aircraft  location. 
The  housekeeping  link  was  assigned  to  1496.5  MHz  and  used  a  separate  antenna  on  bottom 
of  the  fuselage. 

The  ground  station  was  located  at  Building  4795  within  the  AFFTC  complex.  The 
arrangement  used  is  illustrated  in  Figure  4.  The  receive  antenna  was  a  5-meter  parabolic 
reflector  that  tracked  the  housekeeping  link.  Three  multicoupler  outputs  from  the  right 
hand  circularly  polarized  (RHCP)  antenna  feed  were  used.  The  telemetry 
receiver/demodulator  used  one  output.  Another  output  was  connected  to  a  spectrum 
analyzer  for  monitoring  the  test.  The  remaining  output  was  split  into  4  signals  using  the  1- 
to-4  splitter  shown.  Two  of  the  outputs  were  applied  to  receivers  tuned  to  the  Reference 
Link  frequency  of  1514.5  MHz.  The  two  remaining  outputs  were  applied  to  receivers  tuned 
to  the  STC  frequency  of  1485.5  MHz.  In  each  case,  one  receiver  was  used  to  perform  RF  to 
IF  conversion  prior  to  demodulation  and  the  second  receiver  was  used  to  track  the 
received  signal  strength  (measured  using  the  AGC  voltage). 

The  outputs  of  both  demodulators  were  applied  to  Fireberd  6000A  bit  error  rate  test  sets. 
The  number  of  bit  errors  and  number  of  severely  errored  seconds  (SES)  [6]  were  recorded 
and  used  to  assess  the  qualities  of  the  links  and  formed  the  basis  of  the  side-by-side 
comparison. 
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Figure  2:  A  block  diagram  of  the  airborne  configuration. 


Figure  3:  The  positions  of  the  two  transmit  antennas. 


Figure  4:  A  block  diagram  of  the  ground  station  configuration. 


Six  test  points  were  defined  for  flight  test.  Two  of  the  test  points  were  circles  at  a  10°  bank 
(points  M1/M2)  and  two  were  circles  at  30°  bank  (points  M3/M4).  The  intent  of  these 
flight  paths  was  to  examine  link  performance  through  a  360°  "cut"  through  the  composite 
radiation  pattern  formed  by  the  two  antennas  using  traditional  signaling.  (See  Figure  1  and 
the  accompanying  discussion  earlier  in  this  section.)  The  10°  bank  and  the  30°  bank  gave 
different  elevation  angle  "cuts”  in  azimuth.  The  last  two  test  points  were  along  the  Cords 
Road  flight  corridor  (points  C2/D2).  The  C-12  performed  alternating  30°  bank  turns  off 
centerline  to  form  a  series  of  "S-turns”  along  the  route.  The  intent  of  these  test  points  was 
twofold.  One,  asses  the  performance  of  the  STC  link  at  low  signal-to-noise  ratio,  which 
occurred  when  the  aircraft  was  at  the  east  end  of  the  Cords  Road  corridor,  and  two, 
compare  link  performance  as  the  ground  station  antenna  encountered  aircraft  antenna 
pattern  nulling  created  as  the  aircraft  performed  the  S-turns  down  the  flight  path.  The 
entire  flight  path  is  plotted  in 


TEST  RESULTS 

The  side-by-side  comparison  is  based  on  the  link  availability  achieved  by  each  of  the 
approaches.  The  link  availability  (LA)  is  defined  by  [6] 

^  _  ''TOTAL  ~  '  SES  T lt 

m  vJ 

' TOTAL 

where 

Ttotal  =  the  measurement  interval  (seconds). 

7ses  =  the  number  of  severely  errored  seconds.  A  severely  errored  second  is  a  one 
second  interval  in  which  the  number  of  bit  errors  equals  or  exceeds  the 
equivalent  of  a  1CL3  bit  error  rate  if  the  same  error  occurrence  rate  were  to  occur 
on  an  average  basis. 

7lt  =  the  "lost  time”  during  the  measurement  interval.  In  non-precise  terms,  "lost 
time”  occurs  when  the  bit  error  rate  test  set  looses  synchronization.  Most  often, 
synchronization  loss  is  the  result  of  a  large  number  of  errors  in  a  very  short 
time.  (Bit  error  rate  test  sets  do  not  count  loss  of  synchronization  as  a  severely 
errored  second.) 

Usually  LA  is  expressed  as  a  percentage.  LA  is  a  commonly  used  metric  for  link  quality  in 
aeronautical  telemetry  [7] — [11].  The  link  availabilities  for  the  six  test  points  are 
summarized  in  the  table  below.  In  all  cases,  the  link  availability  for  the  STC  link  was  greater 
than  that  of  the  reference  link.  The  most  dramatic  improvements  occurred  at  test  points 
Ml,  M3,  and  C2.  Due  to  space  limitations,  points  Ml,  M3  and  the  M3-to-C2  transition  are 
examined  in  detail  below. 


Test 

Point 

Description 

Duration 

Reference  Link 

STC  Link  j 

SES 

Bit  Errors 

LA 

SES 

Bit  Errors 

LA 

Ml 

left-hand 
turn,  10° 

bank 

00:06:30 

33 

40203753 

91.5% 

0 

47 

100.0% 

M2 

right-hand 
turn,  10° 

bank 

00:05:20 

9 

13598222 

97.2% 

5 

6032124 

98.4% 

M3 

left-hand 
turn,  30° 

bank 

00:01:10 

9 

9237789 

93.1% 

1 

199242 

99.2% 

M4 

right-hand 
turn,  30° 

bank 

00:02:00 

5 

5230738 

95.8% 

4 

46536 

96.7% 

C2 

Cords  Road 
W-E, 

30°  S-turns 

00:17:20 

157 

48175682 

84.9% 

38 

11311520 

96.3% 

D2 

Cords  Road 
E-W, 

30°  S-turns 

00:17:20 

131 

239462831 

87.4% 

102 

41716052 

90.2% 

A  plot  of  the  flight  path  for  test  point  Ml  (left-hand  turn)  is  plotted  in  Figure  6.  The 
corresponding  IF  signal-to-noise  ratio  (SNR)  and  cumulated  bit  errors  are  plotted  in  Figure 
7.  During  the  turn,  the  air-to-ground  link  looks  through  front,  right-hand  side,  rear,  and  left- 
hand  side  of  the  aircraft. 

•  At  the  beginning  of  the  test  point,  the  aircraft  heading  is  180°  so  that  the  C-12  is 
facing  the  receive  antenna.  Consequently,  propagation  is  through  the  front  of  the 
aircraft. 

•  As  the  aircraft  executes  the  turn,  a  broadside  view  of  the  aircraft  is  presented  to  the 
ground  station.  This  view  occurs  from  approximately  15:48:00  to  15:49:30.  The 
received  signal  is  from  the  right-hand  side  of  the  C-12;  and  because  of  the  left-hand 
turn,  the  lower  antenna  is  in  clear  view  and  the  upper  antenna  is  partially  obscured. 
The  received  power  variations  on  the  Reference  Link  are  characteristic  of  severe 
lobes  in  the  composite  radiation  pattern  as  described  in  the  previous  section  in 
conjunction  with  Figure  1.  Note  the  absence  of  this  phenomenon  in  the  received 
power  on  the  STC  link. 

•  As  the  turn  continues,  propagation  through  the  rear  of  the  aircraft  is  presented  to 
the  ground  station.  This  occurs  from  15:49:30  to  15:50:00.  Both  the  Reference  Link 
and  the  STC  Link  show  a  marked  drop  in  received  power.  Evidently,  neither  antenna 
produces  as  much  radiated  power  to  the  rear  of  the  aircraft. 

•  Finally,  from  15:50:00  to  15:52:00,  the  broadside  view  from  the  left-hand  side  of  the 
C-12  is  now  presented  to  the  ground  station.  Here,  the  bottom  antenna  is  partially 
obstructed  by  the  fuselage  and  the  clearest  path  of  from  the  top  antenna.  As  with  the 
broadside  view  from  the  other  side  of  the  aircraft,  the  received  Reference  Link 


power  shows  variations  characteristic  of  lobes  in  the  composite  radiation  pattern. 
And  again,  this  phenomenon  is  not  present  in  the  STC  Link. 


Most  of  the  variations  in  received  power  on  the  Reference  Link  are  due  to  the  lobing  caused 
by  simultaneous  transmission  from  the  upper  and  lower  antennas.  Figure  1  predicts  such 
power  fluctuations  for  flight  paths  that  change  the  azimuth  presented  to  the  ground-based 
receiver.  Given  the  simplifications  used  to  produce  Figure  1,  it  is  remarkable  how  well 
Figure  1  matches  the  experimental  measurements. 

Curiously,  the  dramatic  performance  advantage  of  the  STC  Link  over  the  Reference  Link 
was  not  repeated  when  the  C-12  flew  a  right-hand  turn  with  the  same  bank  angle  in  the 
same  airspace.  The  flight  path  and  link  performance  results  for  this  scenario,  labeled  test 
point  M2,  are  plotted  in  Figure  8  and  Figure  9.  For  reasons  that  are  not  entirely  clear,  the 
received  power  on  the  STC  link  is  approximately  10  dB  below  the  Reference  Link  power.1 
Consequently,  any  bit  error  rate  advantages  realized  by  space-time  coding  are  muted  by 
the  link  margin  reduction.  In  any  event,  the  received  Reference  Link  power  shows 
variations  characteristic  of  lobing  in  the  composite  antenna  gain  pattern  whereas  the 
received  STC  Link  power  shows  no  such  variations.  We  conclude  that  at  this  test  point, 
space-time  coding  is  able  to  solve  the  "two-antenna  problem”  but  the  link  availability 
improvement  is  small  because  of  the  difference  in  received  signal-to-noise  ratio. 

Test  point  M3  is  similar  to  test  point  Ml,  except  the  bank  angle  was  increased  to  30°.  This 
flight  profile  provides  another  "slice"  through  the  C-12  transmit  antenna  gain  pattern(s). 
The  flight  path  is  plotted  in  Figure  10  and  the  experimental  results  are  plotted  in  Figure  11. 
At  the  start  of  the  test  point,  the  C-12  is  facing  the  ground  station.  About  half  way  through 
the  test  point,  the  receive  antenna  is  "looking”  through  the  rear  of  the  C-12.  The  Reference 
Link  fails  completely  at  this  point  due  to  self-interference  cause  by  the  "two  antenna 
problem”  as  predicted  by  Figure  1.  The  severe  drop  in  received  signal  power  marks  this 
point  at  approximately  16:08:10.  The  STC  Link  also  experiences  a  drop  in  received  power 
(reduced  signal  power  from  the  rear  of  the  C-12  is  a  consistent  characteristic  of  this 
antenna  configuration  at  L-band).  However,  because  space-time  coding  also  removes  the 
self-interference,  a  large  number  of  bit  errors  do  not  occur. 

Another  interesting  data  point  is  the  transition  from  test  point  M3  to  test  point  C2.  The 
flight  path  is  illustrated  in  Figure  12.  This  flight  profile  presents  a  lengthy  period  of  broad¬ 
side  propagation  from  the  C-12.  Recall  from  Figure  1  that  idealized  composite  beam 
pattern  exhibits  most  of  the  lobing  from  broadside  views  of  the  aircraft.  The  received 
power  and  bit  error  results  for  this  flight  segment  are  plotted  in  Figure  13.  The  received 
power  for  the  reference  link  shows  variations  typical  of  the  lobing  predicted  by  Figure  1. 
The  corresponding  impact  on  the  bit  error  performance  is  also  shown.  Observe  that  the 
received  power  on  the  STC  link  does  not  show  variations  due  to  lobing. 


1  This  phenomenon  is  also  observed  with  test  point  M4,  a  right-hand  turn  at  a  30  bank  angle.  Evidently,  these 
slices  through  the  antenna  radiation  pattern  to  not  produce  as  much  power  as  the  slices  created  by  left-hand 
turns. 


CONCLUSIONS 


The  experiments  described  in  this  paper  confirm  that  space-time  coding,  operating  in  a  real 
environment,  eliminate  link  outages  caused  by  the  "two  antenna  problem."  This  conclusion 
is  supported  both  by  the  behavior  of  the  received  signal  power  on  the  two  links  and  by  the 
improved  link  availability  measured  during  the  tests. 
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Figure  5:  The  entire  flight  path  for  the  STC  tests.  The  individual  test  points  are  plotted  in  the  figures  that  follow. 


Figure  6:  Test  point  Ml  -  a  left-hand  turn  at  a  10"  bank.  The  flight  path  is  the  circle  near  the  top  of  the  image.  The 
receiving  site  is  the  circle  inside  the  shaded  area. 


Figure  7:  Results  for  test  point  Ml.  Top:  the  IF  SNR  for  the  reference  link  (gray  line)  and  the  STC  link  (dark  heavy 
line).  Bottom:  the  cumulated  bit  errors  measured  during  the  test  point  for  the  reference  link  (squares)  and  the  STC 
link  (filled  circles). 


Figure  8:  Test  point  M2  -  a  right-hand  turn  at  a  10°  bank.  The  flight  path  is  the  circle  near  the  top  of  the  image.  The 
receiving  site  is  the  circle  inside  the  shaded  area. 
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Figure  9:  Results  for  test  point  M2.  Top:  the  IF  SNR  for  the  reference  link  (gray  line)  and  the  STC  link  (dark  heavy 
line).  Bottom:  the  cumulated  bit  errors  measured  during  the  test  point  for  the  reference  link  (squares)  and  the  STC 
link  (filled  circles). 


Figure  10:  The  flight  path  for  test  point  M3  -  a  left-hand  turn  at  a  30°  bank.  The  flight  path  is  the  circle  near  the  top 
of  the  image.  The  receiving  site  is  the  circle  inside  the  shaded  area. 
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Figure  1 1 :  Results  for  test  point  M3.  Top:  the  IF  SNR  for  the  reference  link  (gray  line)  and  the  STC  link  (dark  heavy 
line).  Bottom:  the  cumulated  bit  errors  measured  during  the  test  point  for  the  reference  link  (squares)  and  the  STC 
link  (filled  circles). 


Figure  12:  The  flight  path  for  test  point  M3-to-Cl  transition.  The  flight  path  is  the  “dog  leg”  path  near  the  upper  left 
corner  of  the  image.  The  receiving  site  is  the  circle  inside  the  shaded  area. 
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Figure  13:  Results  for  test  point  M3-to-Cl  transition.  Top:  the  IF  SNR  for  the  reference  link  (gray  line)  and  the  STC 
link  (dark  heavy  line).  Bottom:  the  cumulated  bit  errors  measured  during  the  test  point  for  the  reference  link 
(squares)  and  the  STC  link  (filled  circles). 


